Resonance energy transfer (RET) has been extensively used to estimate the distance between two different fluorophores. This study demonstrates how protein-protein interactions can be visualized and quantified in living cells by time-correlated single-photon counting (TCSPC) imaging techniques that exploit the RET between appropriate fluorescent labels. We used this method to investigate the association of the potassium inward rectifier channel Kir2.1 and the neuronal PDZ protein PSD-95, which has been implicated in subcellular targeting and clustering of ion channels. Our data show that the two proteins not only colocalize within clusters but also interact with each other. Moreover, the data allow a spatially resolved quantification of this protein-protein interaction with respect to the relative number and the proximity between interacting molecules. Depending on the subcellular localization, a fraction of 20 to 60% of PSD-95 molecules interacted with Kir2.1 channels, approximating their fluorescent labels by less than 5 nm.
Introduction
Membrane-associated guanylate kinases ͑MAGUKs͒ organize macromolecular protein complexes at specialized membrane domains. [1] [2] [3] [4] In addition to providing a scaffold by offering multiple domains for protein-protein interactions, they can also function in subcellular targeting of their binding partners. Neuronal MAGUKs of the postsynaptic density-95 ͑PSD-95͒ family have thus been implicated in synaptic development and plasticity. [5] [6] [7] To date, most studies on MAGUK proteinprotein interactions have used biochemical binding assays that provide only a static insight, a ''snapshot,'' of the cellular events; i.e., biochemical binding assays do not allow one to follow protein-protein interactions in living cells. Improved understanding of MAGUK actions, however, will require visualization of protein-protein interactions in living cells with both spatial and temporal resolution.
Fluorescence microscopy employing fluorescent proteins is ideally suited for studying the subcellular localization of proteins in living cells. Moreover, the photophysical properties of a fluorophore can be exploited to obtain additional information on its immediate molecular environment. Relaxation of a fluorophore from its excited state to the ground state can be accelerated by various processes. In the presence of an appropriate acceptor, the relaxation from the excited state can be accelerated by a physical process termed resonance energy transfer ͑RET͒.
For RET to occur, the emission spectrum of a donor fluorophore needs to overlap with the absorption spectrum of the acceptor fluorophore. In addition, both fluorophores have to be in very close spatial proximity since the efficiency of RET depends on the inverse sixth power of the distance between donor and acceptor. [8] [9] [10] RET efficiency can thus provide information on inter-or intramolecular distances in the range of a few nanometers. 11, 12 When RET occurs, both the intensity and lifetime of the donor fluorescence decrease, while the intensity of the acceptor emission increases. This offers two different approaches for determining RET efficiency: one detects changes in the intensity of donor and acceptor emissions, the other one measures changes in the fluorescence lifetime of the donor molecule. For technical reasons, most methods estimate RET efficiency from changes in the intensity of donor and acceptor emission. They bear the disadvantage, however, that one needs to correct for crosstalk between donor and acceptor emission channels and to correlate donor and acceptor concentrations. 13, 14 In contrast, determining RET efficiency by changes in the donor lifetime can dispense with such mathematical corrections, if measurements of the donor fluorescence decay are restricted to the part of the donor emission spectrum that is devoid of acceptor fluorescence.
In this study, we demonstrate how the time-correlated single-photon counting ͑TCPSC͒ technique can be used in conjunction with a laser scanning microscope and a pulsed excitation source to record donor fluorescence lifetimes as a reliable measure of RET efficiency between interacting proteins. The technique is based on a three-dimensional histogramming process that records photon density over the time and the spatial coordinates of the scanning area. The histogramming process avoids any time gating or wavelength scanning and hence can yield a near-perfect counting efficiency. We employed this technique to characterize and quantify the interaction between the neuronal MAGUK protein PSD-95 and the inward rectifier potassium channel Kir2.1 in living cells.
Materials and Methods

Recombinant DNA Procedures
N-terminal fusion constructs of Kir2.1 with enhanced green fluorescent protein ͑EGFP͒ or its spectral variants enhanced cyan and yellow fluorescent protein ͑ECFP, EYFP͒, were designed by inserting mKir2.1 cDNA in-frame into the respective ExFP-C1 eukaryotic expression plasmid ͑Clontech Labo-ratories͒. Likewise, C-terminal fusion constructs of PSD-95 with fluorescent proteins were designed by inserting the rPSD-95 cDNA into the respective ExFP-N1 expression plasmid. Channel mutants were constructed by polymerase chain reaction ͑PCR͒ with oligonucleotides carrying the desired mutations. For the YFP-CFP hybrid protein, EYFP and ECFP sequences were fused by recombinant PCR and subcloned into the mammalian expression vector pcDNA3 ͑Invitrogen͒ to yield expression of the following protein: EYFP (1-239) -GSGSGSGDEVDGGSGSGV-ECFP . All PCR-derived constructs were verified by sequencing.
Cell Culture and Transfection
Human embryonic kidney 293 ͑HEK293͒ and opossum kidney ͑OK͒ cells ͑American Type Culture Collection͒ were grown in Dulbecco's modified Eagle's medium ͑DMEM͒ and DMEM-F12 ͑Invitrogen͒, respectively, supplemented with 10% fetal calf serum and 1% penicillin/streptomycin ͑Invitro-gen͒ at 37°C and 5% CO 2 . At ϳ80% confluence, the cells were transfected with the respective cDNAs using a conventional calcium phosphate precipitation technique for HEK293 and Effectene reagent ͑Qiagen͒ for OK cells. For confocal imaging and lifetime measurements, the coverslips were transferred to a microscope chamber superfused with buffered saline solution containing ͑in mmol l Ϫ1 ͒: Na 145, K 5, ethylene glycol-bis͑2-aminoethylether͒-N,N,NЈ,NЈ-tetraacetic acid ͑EGTA͒ 1,N-͑2-hydroxyethyl͒piperazine-NЈ-͑2ethanesulfonic acid͒ ͑HEPES͒ 5, pH 7.4.
Coimmunoprecipitation and Western Blot Analysis
Two days after transfection, HEK293 cells were lysed in TEEN-T ͑50 mM Tris pH 7.6, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100, Complete protease inhibitor cocktail, Roche͒ for 30 min on ice. Nuclei and cell debris were pelleted by low-speed centrifugation at 500 g for 5 min at 4°C. Green fluorescent protein ͑GFP͒-fused Kir2.1 was precipitated with a monoclonal mouse anti-GFP antiserum ͑Molecular Probes͒, followed by incubation with Protein A sepharose beads ͑Pharmacia͒ to capture the antibody protein complexes. After washing with TEEN-T, the precipitates were separated by reducing sodium dodecylsulfate-polyacrylamide gel electrophoresis ͑SDS-PAGE͒ on a 10% polyacrylamide gel, transferred onto PVDF membranes and incubated with a mouse monoclonal anti-GFP antibody ͑1:5000; Clontech Laboratories͒ and a monoclonal anti-PSD-95 antibody ͑1:2000; Affinity BioReagents͒. Following incubation with horse radish peroxidase ͑HRP͒-conjugated anti-mouse immunoglobulin G ͑IgG͒ ͑1:2500; Santa Cruz Biotechnologies͒, labeled proteins were detected using ECL-plus reagent ͑Amer-sham͒.
Confocal Laser Scanning Microscopy
Confocal imaging was performed with a Zeiss laser scanning microscope ͑LSM 510, Carl Zeiss, Göttingen, Germany͒ using a Zeiss C-Apochromat 63ϫ ͑NA 1.20͒ water immersion objective. Cyan fluorescent protein ͑CFP͒ and yellow fluorescent protein ͑YFP͒ were excited with the 458-and 514-nm lines of an Ar ϩ laser, respectively. Fluorescence was recorded with a 470 to 500-nm bandpass ͑CFP͒ and a 530-nm longpass filter ͑YFP͒.
Results and Discussion
PSD-95 Interacts with Kir2.1 in a PDZ-Mediated Fashion
Upon heterologous expression in epithelial cells, GFP-fused wild type Kir2.1 ͑GFP-Kir2.1͒ was homogeneously distributed within the plasma membrane and the Golgi complex ͓Fig. 1͑A͒ a͔. 15 Coexpression of PSD-95 directed the channel into clusters in which both proteins colocalized ͓Fig. 1͑A͒ b,c͔. Cluster formation was prevented when PSD-95 was coexpressed with Kir2.1 lacking the last three C-terminal amino acids -S-E-I ͑GFP-Kir2.1-⌬426 -428͒, which match the consensus binding sequence -S/T-X-I/V/L specifically recognized by class I PDZ domains. 16, 17 Biochemical experiments confirmed these findings as PSD-95 coimmunoprecipitated with GFP-Kir2.1, but not with GFP-Kir2.1-⌬426 -428 ͓Fig. 1͑B͔͒. These results are in good agreement with experiments by Nehring and co-workers showing coprecipitation of myc-tagged Kir2.1 and PSD-95. 18 A schematic drawing illustrating the PDZ-mediated interaction between Kir2.1 and PSD-95 is shown in Fig. 1͑C͒ .
Experimental Setup for Spatially Resolved Fluorescence Lifetime Measurements
Coimmunoprecipitation experiments neither allow one to study protein-protein interactions within specific subcellular domains nor can they trace the time course of protein-protein interactions in single living cells. Conclusions about the nature of such interactions can only be drawn from large populations of cells. A fluorescence lifetime imaging approach that permits visualization of the extent of RET between interacting proteins can overcome these limitations.
PSD-95 and Kir2.1 were labeled with the cyan-and yellow-shifted variants of the green fluorescent protein. Because N-terminal palmitoylation of PSD-95 is a prerequisite for proper subcellular targeting and cluster formation, 6, [19] [20] [21] CFP was fused to the C-terminal of PSD-95 ͑PSD-95-CFP͒. In turn, YFP was fused to the N-terminal of Kir2.1 in order to preserve the PDZ interaction site at the C-terminal ͑YFP-Kir2.1͒. The expression pattern of these fusion proteins did not vary from that of the native proteins as determined by immunocytochemistry. Cluster formation was independent of the expression system we used ͓OK, Chinese hamster ovary cells ͑CHO͒, Hek293 cells; see Fig. 1͑A͒ and Fig. 4͑A͔͒ .
The setup used for the lifetime measurements is depicted in Fig. 2 . In all experiments, a mode-locked titanium:sapphire ͑Ti:Sa͒ laser ͑Mira 900, Coherent GmbH, Dieburg, Germany͒ was used for excitation of the CFP chromphore. The emission wavelength was tuned to 860 nm and frequency doubled to 430 nm by a ␤-barium borate ͑BBO͒ crystal. At this excitation wavelength, almost no YFP fluorescence was excited. In order to minimize photobleaching and photoconversion of CFP, the average excitation power was adjusted to less than 25 W. Consistent results were achieved only under these conditions. The attenuated laser beam was directed to the scan head of the laser scanning microscope ͑Zeiss LSM 510, Carl Zeiss GmbH, Göttingen, Germany͒. Fluorescence light originating from the sample was focused on one of the pinholes of the laser scanning microscope, coupled into an optical glass fiber and guided to a multichannel plate photomultiplier tube ͑MCP-PMT͒ ͑3809U, Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany͒ for time-correlated singlephoton counting. A bandpass filter ͑XF3075 Omega optical͒ in front of the photomultiplier restricted the fluorescence light to be analyzed to a wavelength range of 465 to 495 nm and filtered out scattered excitation light and YFP fluorescence effectively. The MCP-PMT was connected to a TCSPC computer module ͑SPC730, Becker & Hickl GmbH, Berlin, Ger-many͒, which was used to build up a three-dimensional histogram of photon density over spatial ͑x,y͒ and temporal ͑t͒ coordinates. The actual position of the scanning beam was calculated from the FrameSync, LineSync, and PixelSync signals of the laser scanning microscope. The temporal resolution of this setup was better than 30 ps ͑FWHM͒. TCSPC data were analyzed with a commercial software package ͑SPCImage V2.4, Becker & Hickl͒ that uses the iterative reconvolution method to recover the fluorescence lifetime from fluorescence decay profiles obtained for each pixel. A modified Levenberg-Marquardt algorithm was used to approximate the The tandem arrangement of PDZ-1 and PDZ-2 has been proposed to favor interactions with multimeric membrane proteins such as ion channels and receptors, 17 but the exact stoichiometry of PSD-95 interactions is still unknown. PSD-95 is associated with cellular membranes via palmitoylation of two N-terminal cysteine residues. best parameters of a given decay. The quality of a fit was judged by the value of a reduced 2 . A model was rejected when 2 exceeded a value of 1.5. In case of a multiexponential decay, average lifetimes were calculated from the parameters of the fitting procedure, the lifetime components i and the amplitudes A i according to: 22
RET between CFP and YFP Fluorophores
Assuming that donor and acceptor molecules are separated by a fixed distance ͑r͒, the rate of energy transfer (k T ) is given by the following equations:
where D is the lifetime of the donor in the absence of an acceptor. 23 R 0 is the Förster distance, at which the energy transfer efficiency ͑E͒ is 50%. The efficiency of energy transfer is defined as the fraction of photons absorbed by the donor that are transferred to the acceptor. It is given by the ratio of the transfer rate to the total decay rate of the donor:
The rate of energy transfer (k T ) can be determined experimentally by comparing the lifetime of the donor in the presence of an acceptor ( DA ) with that of the donor in the absence of an acceptor ( D )
Equations ͑2͒ and ͑3͒ can be rearranged to yield
Thus in order to determine RET efficiency by lifetime measurements, it is only necessary to measure DA and D . Since lifetime measurements are independent of fluorescence intensity and the actual number of fluorophores present, RET and control measurements can be carried out in different cells. This is one important advantage of lifetime-based RET measurements. Figure 3 shows representative examples of control measurements in which we determined the fluorescence lifetime of CFP in cells expressing either CFP alone ͓Fig. 3͑A͔͒ and PSD-95-CFP ͓Fig. 3͑B͔͒, or a hybrid protein, in which CFP and YFP are closely linked by a short peptide ͓Fig. 3͑C͔͒. In cells expressing CFP or PSD-95-CFP, the fluorescence decay could be approximated by a monoexponential function, yielding a fluorescence lifetime of ϭ2.45Ϯ0.05 ns (mean ϮS.D.,nϭ19), and ϭ2.55Ϯ0.13 ns (nϭ30), respectively. In order to assess RET efficiency between closely neighboring CFP and YFP, we constructed a YFP-CFP hybrid protein in which both fluorophores were linked by a short sequence of 18 amino acids. Xu et al. demonstrated for an analogous protein, consisting of GFP and its blue variant ͑BFP͒, that RET occurs between both subunits. 24 As shown in Fig. 3͑C͒ , the fluorescence lifetime of CFP decreased significantly in cells expressing the YFP-CFP hybrid construct. The average donor lifetime was ϭ1.63Ϯ0.07 ns (nϭ13), indicating RET between the two fluorophores. Figure 4͑A͒ shows confocal micrographs of an Hek293 cell coexpressing PSD-95-CFP and YFP-Kir2.1. As resolved by the intensity profile along a representative cross-section through the cell, the two fluorescence patterns of CFP and YFP are colocalized in clustered regions, but not in the cytoplasm Fig. 4͑A͒d . In order to show that PSD-95-CFP and YFP-Kir2.1 not only colocalize but also interact in clustered regions, we tested whether RET occurs between their CFP and YFP fluorescence tags.
RET between PSD-95-CFP and YFP-Kir2.1
When PSD-95-CFP was coexpressed with YFP-Kir2.1, the decay kinetics of CFP fluorescence could not be approximated in all regions of the cell by a monoexponential function. In these cases, only a biexponential fit yielded satisfying 2 values. The lifetime image of the cell shown in Fig. 4͑A͒ exhibits an inhomogeneous distribution of fluorescence decay constants ͓Fig. 4͑B͒ a͔. Clustered regions displayed short average fluorescent lifetimes of CFP ͑red color͒, whereas longer lifetimes were found in the cytoplasm ͑blue color͒.
These data demonstrate that PSD-95-CFP fluorescence was quenched by RET predominantly in clusters of PSD-95-CFP and YFP-Kir2.1, which thus resemble the sites of their physical interaction. Outside the clusters, PSD-95-CFP was far less quenched, indicating that only a few PSD-95-CFP molecules interacted with YFP-Kir2.1. Consequently, the distribution of the mean CFP fluorescence lifetimes over the en- This value is significantly shorter than the average lifetime observed in cells expressing PSD-95-CFP only and is in the same range as the average lifetime determined in cells expressing the YFP-CFP hybrid construct.
The fast and the slow fluorescence lifetime components determined by the biexponential fit were f ϭ0.88Ϯ0.24 ns and s ϭ2.51Ϯ0.20 ns, respectively. The slow lifetime component was close to the lifetimes measured for CFP and PSD-95-CFP. It can thus be attributed to unquenched, noninteracting PSD-95-CFP molecules, which are not subject to RET. In contrast to this, interacting PSD-95-CFP molecules, which were effectively quenched by RET, gave rise to the additional fast lifetime component ( f ). Thus the respective lifetimes can be regarded as a characteristic property of bound and unbound molecules. Whereas their absolute values are constant throughout the cells ͓Fig. 4͑B͒ b,c͔, their relative amplitudes A f and A s provide a rough estimate for the fraction of interacting versus noninteracting molecules. Throughout the whole cell A f varied from 20 to 60% ͓Fig. 4͑C͒ d͔. Figure  4͑B͒ d shows the subcellular distribution of the relative amplitude of f (A f ). As expected, A f was greatest ͑red color͒ in clustered regions, indicating a large fraction ͑up to 60%͒ of interacting PSD-95 molecules. A f was smallest ͑blue color͒ in cytosolic regions ͑20%͒, indicating a large fraction of unbound molecules.
In order to verify that indeed RET and not any other quenching process caused the decrease in CFP fluorescence lifetimes in clustered regions, we bleached the acceptor fluorophore with the Ar 514-nm line. As expected, CFP lifetimes rose back to control values ͓Fig. 5͑A͒ g-h͔. For a negative control, we coexpressed PSD-95-CFP with the channel mutant YFP-Kir2.1-⌬SEI lacking the PDZ ligand motif ͓Fig. 5͑b͔͒. In these cells, the donor decay could be approximated by a monoexponential function. The calculated mean fluorescence lifetime constant was ϭ2.44Ϯ0.15 ns (nϭ32), which does not differ significantly from fluorescence lifetimes observed in cells expressing CFP or PSD-95-CFP. A summary of the average fluorescence lifetimes of CFP in the respective experimental groups is shown in Fig. 6 . 
Conclusions and Perspectives
This study demonstrates how time domain-based fluorescence lifetime imaging techniques can be used to visualize and quantify the extent of RET between interacting proteins in living cells. The technique takes advantage of the high temporal resolution of an MCP-PMT and the high spatial resolution of a confocal laser scanning microscope. The use of fluorescent proteins as donor and acceptor moieties allows us to apply this technique in living cells.
Here we employed this technique to describe the PDZmediated interaction between a neuronal MAGUK protein and a potassium channel. Heterologous coexpression of PSD-95 clusters the potassium inward rectifier channel Kir2.1. Our fluorescence lifetime measurements show that within these clusters both proteins not only colocalize but also interact with each other. We conclude this from the significant decrease in donor fluorescence lifetime, with values in the range found for CFP covalently linked to YFP. This decrease in fluorescence lifetime was mediated by RET and not any other quenching process, because it could be reversed by photodestruction of the acceptor fluorophore. There was no change in donor fluorescence lifetime upon coexpression of PSD-95-CFP and the noninteracting channel mutant YFP-Kir2.1-⌬SEI, indicating that only a specific interaction, not an accidental colocalization, is sufficient for RET to occur. Since donor fluorescence decayed biexponentially in cells coexpressing PSD-95-CFP and YFP-Kir2.1, our RET results allowed us to distinguish between two subpopulations of PSD-95-CFP molecules: an interacting population that is quenched by RET, giving rise to a fast component in the CFP fluorescence decay and a noninteracting fraction that is unaffected by RET, producing the same fluorescence lifetime as CFP expressed alone.
Whereas the absolute value of the fast decay component provides information about the spatial proximity between the fluorophores involved in RET, its relative amplitude roughly estimates the amount of interacting molecules. From the fast component of the donor fluorescence lifetime of 0.88 ns, a RET efficiency of 67% can be calculated. This would correspond to a distance of 4.5 nm between donor and acceptor moieties, assuming a Förster radius of 4.9 nm for CFP and YFP and random orientation between the two fluorophores. 25 Thus clustering of YFP-Kir2.1 by PSD-95-CFP must bring the two fluorophores into close proximity.
So far, the molecular mechanisms and the stoichiometry by which PSD-95 clusters potassium channels are not known. Initial hypotheses relying on the multivalent properties of PSD-95 and the channel subunits have been questioned. Recent data show that the ability of PSD-95 to cluster Kv1.4 channels does not depend on its ability to form multimers at all, but only requires N-terminal palmitoylation and a tetrameric channel structure. 26 In light of these results, our data are in good agreement with the hypothesis that an intramolecular interaction of the SH3 and GK domains of PSD-95 backfolds the PSD-95 molecule, thereby approximating its own C-terminus and the N-terminus of the PDZ-interacting channel subunit. [27] [28] Since the present technique allows quantification of protein-protein interactions with both high spatial and high temporal resolution, future application will focus on interaction dynamics. Of particular interest would be a detailed analysis of regulated PDZ interactions, which have been implicated in synaptic development or plasticity. 29, 30 The number of measurements is indicated in parentheses. The fluorescence decay of CFP or PSD-95-CFP decay could be approximated by a monoexponential function, yielding a fluorescence lifetime of ϭ2.45Ϯ0.05 ns and ϭ2.55Ϯ0.13 ns, respectively. Thus, fusion of PSD-95 did not significantly change the fluorescence lifetime of CFP. In the YFP-CFP hybrid protein, in which both fluorophores are linked by a short sequence of 18 amino acids, the fluorescence lifetime of CFP decreased significantly ( m ϭ1.63Ϯ0.07 ns) owing to RET. Average fluorescence lifetimes in clusters of PSD-95-CFP and YFP-Kir2.1 are in the same range ( m ϭ1.70Ϯ0.20 ns). The fast and the slow fluorescence lifetime components determined by the biexponential fit were f ϭ0.88Ϯ0.24 ns and s ϭ2.51Ϯ0.20 ns, respectively. Thus, owing to the interaction between PSD and Kir2.1, both fluorescence tags are brought into close vicinity, giving rise to RET. RET could not be observed upon coexpression of PSD-95-CFP with the channel mutant YFP-Kir2.1-⌬SEI lacking the PDZ ligand motif. In these cells, the donor decay could be approximated by a monoexponential function, yielding a mean fluorescence lifetime constant of ϭ2.44Ϯ0.15 ns, which did not differ significantly from fluorescence lifetimes observed in cells expressing CFP or PSD-95-CFP.
